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The present study is concerned with the flow behaviour and thermal performance of an air flow channel subject
to uniform heating with an adiabatic circular cylinder symmetrically positioned in the channel. A two-
dimensional numerical study is conducted, covering a range of blockage ratios (8, the ratio between the cylin-
der diameter to the channel width), inclination angles (¢, relative to horizontal plane), cylinder positions (h, the
distance from the inlet), and Rayleigh numbers (Ra, up to 6.0 x 1011). It is observed that vortices shed from the
cylinder interact with the thermal boundary layers (TBLs) adjacent to channel walls, which disturbs downstream
TBLs and enhances mixing in the channel. For Ra = 6.0 x 10!}, the averaged lateral wall temperature of a
vertical channel (¢ = 90°) drops by 31 % at # = 0.50, and the mass flow rate through the channel increases by 40
% at # = 0.25 compared to an unblocked vertical channel (i.e., without the cylinder). In a channel inclined at ¢
= 30°, up to 29 % reduction of the averaged wall temperature is achieved compared to an unblocked inclined
channel at Ra = 6.0 x 10''. However, the inclination of the channel from the vertical position generally de-
teriorates its thermal performance. Moreover, at § = 0.75 and Ra = 6.0 x 10'!, the flow skews towards one
lateral wall at ¢ = 30° and 90°, resulting in an irregular wake, but the flow structures are more symmetric at ¢ =
60°. The results reported here provide a passive strategy to design obstacles in convective flow channels for

optimising thermal performance.

1. Introduction

Over recent decades, extensive research has focused on enhancing
the efficiency of natural convection systems due to their relatively low
heat-dissipating rates. In general, the state of the thermal boundary
layer (TBL) forming adjacent to a heat transfer surface determines the
thermal performance of a natural convection system. Therefore, un-
derstanding the properties and behaviours of the TBL may facilitate
predicting and controlling the performance of a heat transfer surface.
Advanced techniques, including passive, active, and compound strate-
gies, have been developed to enhance heat transfer by natural convec-
tion. Compared to active strategies, passive strategies are advantageous
in terms of reliability and sustainability [1].

A specific passive strategy of interest is by inserting a vortex gener-
ator in a heated channel, which may disturb thermal flow and induce
TBL instability. The mechanism is analogous to enhancing flow mixing
by disturbing the velocity boundary layer in non-thermal flows. Exten-
sive studies have been conducted on non-thermal flows past bluff bodies.
A typical configuration includes a circular cylinder placed between two
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parallel walls with a finite lateral separation, or within a channel. This
configuration is referred as “a confined flow past a circular cylinder” or
“a flow past a confined circular cylinder” [2]. In this configuration, the
presence of the cylinder results in alternating shedding of vortices from
the cylinder, which forms a reverse von Karman vortex street and may
induce wake flow transition from laminar to turbulence. It has been
reported in the comprehensive review of Nguyen et al. [2] that the flow
behaviour and vortex shedding forming behind a confined cylinder
strongly depend on the blockage ratio, the ratio of the cylinder diameter
to the spacing between the two lateral walls, thatis, § =D/W, where fis
the blockage ratio, D is the diameter of the cylinder, and W is the width
of the channel. They reported that the hydrodynamic properties of the
cylinder, including the Strouhal number (St), lift and drag coefficients
grow rapidly with increasing blockage ratio.

The findings obtained in non-thermal flows have been utilised to
enhance heat transfer in thermal flows due to induced flow instability
and enhanced mixing caused by blockage effects. For instance, Sparrow
and Pfeil [3] experimentally tested 15 different configurations of a
heated horizontal cylinder confined in a vertical channel. The Rayleigh
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numbers are in the range of 1.5 x 10* to 2 x 10°. They measured the
temperature distribution along the channel walls and reported that the
temperature profiles are highly dependent on the conductivity of the
walls. They also emphasised that there was no heat transfer enhance-
ment when the blockage ratio was smaller than 0.1. This result contra-
dicted that reported by Marsters [4], who conducted an experimental
study with Ra varying from 10 to 5 x 10°. Their experimental setup
included a heated cylinder confined by two vertical walls with adjust-
able wall heights (H/D from 5 to 128) and blockage ratios (D/ W from
0 to 0.50, where D/W — 0 is the no-wall case). Their results showed that
with the presence of the lateral walls, the enhancement of heat transfer
is considerable, even at very low blockage ratios (e.g., 30 % enhance-
ment at a blockage ratio of 0.05). Karim et al. [5] found that the heat
transfer from a heated cylinder can be enhanced by confining the flow
using two non-conductive walls. They conducted experiments at various
blockage ratios (from no confinement to f = 2/3) to examine natural
convective heat transfer from a horizontal isothermally heated cylinder
between two vertical walls for Rayleigh numbers from 2 x 10° to 3 x
10°. They reported that increasing the blockage ratio results in an in-
crease of heat transfer enhancement. More recently, Mathis et al. [6]
examined the blockage effects on a convective flow channel, which
comprises an adiabatic circular cylinder symmetrically confined by two
isothermal walls. They reported significant heat transfer enhancement
up to 41.9 % at f = 0.45. Nguyen et al. [7] conducted a systematic
investigation of the blockage effect under a similar setup and reported
up to 64.3 % heat transfer enhancement at § = 0.50.

Heat transfer through inclined channels has also been studied
extensively. Azevedo and Sparrow [8] experimentally investigated the
impacts of the channel width and inclination angle on laminar natural
convection in an unblocked channel. They established correlations be-
tween the Nusselt number (Nu), Rayleigh number (Ra), inclination
angle, and the channel’s aspect ratio for three different heating modes.
The presence of a secondary flow and recirculation zones when Ra
exceeded a certain threshold was reported. Manca et al. [9] studied the
influence of the inclination angle on the thermal performance of chan-
nels heated by constant heat flux. They reported that inclining the
channel from the vertical position deteriorates the channel’s thermal
performance. More recently, Talukdar et al. [10] conducted numerical
simulations to determine the transition characteristics in a natural
convective air flow channel subject to uniform heating at 5.93 x 10° <
Ra < 1.45 x 10°. The channel is inclined from 30° to 90° relative to the
horizontal plane. Periodical single-roll longitudinal vortices are
observed, and the formation of which is identified to characterise flow
transition. Zhang and Samtaney [11] considered an isothermally heated
circular cylinder in a forced convection air flow channel with adiabatic
lateral walls to investigate the inclination effect on the flow behaviour
and heat transfer. The geometrical configuration is similar to utilising
the cylinder as a vortex generator to disturb the TBL and enhance flow
mixing considered in the study of Nguyen et al. [7].

Despite the thermal flow in wall-cylinder systems and inclined
channels have been examined for decades, to the best of our knowledge,
a partly blocked and inclined convective flow channel subject to uniform
heating has not been considered in the literature. From engineering
application perspective, it is important to understand how flow blockage
and channel inclination affect the flow behaviour and consequent
thermal performance of a uniformly heated channel, and how to opti-
mise the strategy for best performance. This motivates the present study,
which is concerned with the effects of blockage ratio, channel inclina-
tion, and the cylinder position at different Rayleigh numbers.

2. Numerical details
2.1. Computational domain and numerical procedures

In this study, an air flow channel with uniformly and symmetrically
heated lateral walls is considered. A circular cylinder is inserted along
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the centreline of the channel at a distance (h) measured from the channel
inlet (refer to Fig. 1). The aspect ratio of the channel is fixed at A =
H/W =14.3. Other major geometric parameters are listed in Table 1. To
avoid potential confusion, we refer to the left/upper wall as “Wall A”
and the right/bottom wall as “Wall B, respectively.

The buoyancy-driven flow under the effect of a constant heat flux is
characterised by the Rayleigh number (Ra) and Prandtl number (Pr),
which are defined as follows:

_ gaq, H*
" kva

Pr="2, )
a

Ra
where a and v are the thermal expansion coefficient and kinematic
viscosity of the fluid, respectively. a = k/(pc,) is the thermal diffusivity
of the fluid, k, p and c, are the thermal conductivity, density, and specific
heat capacity of the fluid, respectively. The range of Ra varies from 6.0
x 10° to 6.0 x 10'!, and the Prandtl number is fixed at 0.7 in this study.

A two-dimensional (2-D) numerical study is carried out to investigate
the natural convection flow behaviour in the channel. Justification for
adopting the 2-D model will be presented later in this section. The
Navier-Stoke equations and energy equation describing the thermal flow
in the channel are written in a dimensional form as below:
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where u and v are the velocity components in the transverse and lon-
gitudinal directions, respectively. p, t and T are the pressure, time and
temperature, respectively. The governing equations are solved with the
ideal gas law for air, that is, p = pRT, where R is the gas constant. The

Pressure outlet, T

Qw Qw

Wall A

Pressure inlet, Ty

Fig. 1. Sketch of the computational domain. g indicates the direction of grav-
ity; and £ denotes the angular position along the circumference of the cylinder.
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Table 1

Definitions and values of key geometric parameters.
Symbol Parameter Values
p Blockage ratio, f = D/W 0.25, 0.50, 0.75
n Longitudinal position of the cylinder, k" = h/ H 0.05, 0.25, 0.50
@ Inclination angle 30°, 60°, 90°

dimensional quantities u, v, x, y, p, t, T are normalised to obtain the
dimensionless quantities u*, v*, x*, y*, p*, t  and 6 as follows [12]:

* X
X = Y

V_V7 Yy = E:
ll* o u V* - 4
Ta 2577 @ 2/5 7
H(Ra.Pr) H(RaPr)

. D . t (6)

p = 2 7t = H2 I
a 4/5 -2/5
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Note that different length scales are adopted to normalise the
transverse and longitudinal coordinates. Hereinafter, u”, v*, x", y*, p’, t 7,
and h” are replaced by u, v, x, y, p, t and h for brevity.

No-slip boundary conditions are applied to the cylinder surface and
the two lateral walls, and a constant heat flux g,, is imposed on both
channel walls. Pressure inlet and pressure outlet are prescribed at the
channel inlet and outlet, respectively. The boundary conditions are
expressed in the dimensionless form as follows:

e On the heated channel walls:

u=v=0, (2]
00 _ 1 1/5
5= 4 (RaPr) ®)

e On the cylinder surface:

u=vy = O7 9
00
P-o 10)

e At the channel inlet:

The inflow direction is assumed to be normal to the boundary, and
the fluid is at the reference temperature. Furthermore, the gauge pres-
sure is set to zero. That is,

0=0, an

p=— 3P, a2)

e At the channel outlet:

The flow is also assumed to be normal to the boundary. If v > 0, the
fluid exits the channel. Otherwise, backflow occurs, and external fluid
enters the channel at the reference temperature (¢ = 0). The boundary
face pressure is calculated based on the velocity in the adjacent cell
zone.

The SIMPLE Scheme for pressure-velocity coupling and the PRESTO!
Scheme for pressure are employed to solve the governing equations
[13]. The second-order upwind scheme is applied to advection terms.
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As mentioned earlier, justification for adopting a 2-D numerical
model is discussed here. It has been reported in the study of Chen et al.
[14] that the transition of TBL from laminar to turbulence along a uni-
formly heated vertical plate occurs when Ra exceeds 2 x 10'%, For a
uniformly heated vertical channel, Thebault et al. [15] observed a
transition at Ra = 1.5 x 10'2. They defined a temperature indicator hr,
which is the longitudinal position along the channel where the
time-averaged wall temperature peaks before a sudden decrease
downstream. Such wall temperature behaviour is due to heat transfer
enhancement associated with TBL transition from laminar to turbulent
state. It is anticipated that, within the range of Ra considered in the
present study (6.0 x 10°-6.0 x 1011), the unblocked channel flow does
not undergo the transition to turbulence. To verify this, a set of simu-
lations is conducted for both vertical and inclined channels at Ra up to
6.0 x 10'2.

Fig. 2 (a) shows the time-averaged temperature profiles along the
channel walls at different Ra in the vertical channel without blockage.
For Ra < 10!, the time-averaged temperature distributions grow
monotonically along the wall. However, the temperature peaks at hy ~
0.75 at Ra = 6.0 x 10'2, indicating that the TBL experiences a transition
[15]. Fig. 2 (b) presents the time-averaged temperature distribution
along both channel walls at Ra = 6.0 x 10! for three different incli-
nation angles (¢ = 30°, 60°, 90°). A small deviation between the tem-
perature profiles of the two channel walls is noticeable, which becomes
more distinct with reducing inclination angle. However, no sign of TBL
transition is observed from the wall-temperature profiles of the
unblocked channel at Ra below 10'2. Although the presence of a cylin-
der in the channel may trigger flow instability and subsequent transition
to three-dimensional flow, it is expected that the present 2-D model may
capture the major features of the convective flow.

2.2. Dependency study

Dependency tests have been conducted to examine the sensitivity of
the numerical solutions to the mesh resolution and time-step. The tests
are conducted at the highest Rayleigh number of Ra = 6.0 x 10!, The
mesh resolution is tested first for different blockage ratios and cylinder
positions. Subsequently, the sensitivity to time-step is tested. For both
mesh and time-step dependence tests, the calculations are extended for
over 450 vortex-shedding cycles to ensure reliable statistics after the
flow has reached a quasi-steady state. The temporarily and spatially
averaged lateral wall temperature Ewavg and longitudinal velocity v;, at
the inlet are calculated. In addition, the frequency f of temperature
fluctuations at a monitoring point (x, y) = (—0.43, 0.1) in the TBL behind
the cylinder is examined.

Mesh refinement is focused on regions near the lateral walls, around
the cylinder, and in the wake (within 10 D behind the cylinder). Other
areas are progressively refined during this process. In particular, the first
cell height off the heated channel wall L, is subsequently reduced from
the coarsest mesh to the finest mesh. A normalised cell height is defined
as Ly," = Ly/5r, where 61 ~ W is the TBL thickness scale under
isoflux conditions [12]. Hereinafter, L, is replaced by L, for brevity.
The results of mesh resolution tests for f = 0.50 and h = 0.05 are pre-
sented in Table 2 as an example. Table 3 presents the results of the
time-step tests for the same case, in which t; is the normalised time-step
size.

In Tables 2 and 3, the percentages in brackets represent the differ-
ences between the test cases relative to the reference cases (M4 and TS4
for mesh and time-step dependence tests respectively). It is seen in these
tables that the variations of the monitored parameters obtained with
different mesh resolutions and time-steps are within 1.5 % except for the
coarsest mesh M1. Based on these dependency tests, the mesh M3 with
the time-step TS3 have been selected for subsequent calculations.
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Fig. 2. Time-averaged temperature profiles in an unblocked channel along (a) wall A at different Rayleigh numbers; and (b) along both walls at different inclination

angles for Ra = 6.0 x 10'%.

Table 2
Mesh dependence test results for g = 0.50, h = 0.05, and Ra = 6.0 x 10" (¢, =
0.010).

Mesh Ln No. of @wavg Vin f
elements
M1 0.143 15,672 1.171 (3.44 0.2907 3.587
%) (—2.17 %) (—2.96 %)
M2 0.071 28,300 1.144 (1.01 0.2957 3.666
%) (—0.50 %) (—0.83 %)
M3 0.036 51,298 1.118 0.2970 3.697
(—1.38 %) (—0.06 %) (—0.02 %)
M4 0.018 103,216 1.133 0.2971 3.696
Table 3

Time-step dependence test results for § = 0.50, h = 0.05, and Ra = 6.0 x 10!
(L = 0.036).

Time-step [A Owavg Vin f

TS1 0.010 1.118 (1.25 %) 0.2970 (0.25 %) 3.697 (0.52 %)
TS2 0.005 1.107 (0.28 %) 0.2967 (0.16 %) 3.717 (1.05 %)
TS3 0.003 1.105 (0.02 %) 0.2963 (0.04 %) 3.678 (0.00 %)
TS4 0.001 1.104 0.2962 3.678

2.3. Model validation

The validation of the numerical model includes two parts. First, the
model is validated for pure natural convection in flow channels without
blockage (Section 2.3.1), including a benchmark -configuration
described in Desrayaud et al. [16] and the experimental model reported
in Thebault et, al. [15]. And second, the model is validated for mixed
convection in a flow channel with blockage by a heated cylinder re-
ported in Zhang and Samtaney [11] (Section 2.3.2). Further details are
presented below.

2.3.1. Validation for natural convection in air flow channels without
blockage

Two specific cases are simulated to validate the numerical model for
natural convection in flow channels without blockage. First, the setup of
a benchmark case described by Desrayaud et al. [16] is simulated. The
above-mentioned pressure inlet and pressure outlet conditions are pre-
scribed at the channel inlet and outlet respectively. The calculated
Rayleigh number is 5 x 10°, which is defined in terms of the channel

width instead of channel length, and the aspect ratio of the channel is A
= 10. Only one wall is partly heated between h = 0.25 and h = 0.75. The
rest of the wall and the other wall are adiabatic. It is worth noting that,
to make meaningful comparison with the literature, the velocity is
normalised by ao/W here [16], where qaq is the thermal diffusivity of air
at the reference temperature.

Fig. 3 depicts the time-averaged profiles of the streamwise velocity
component at different horizontal sections of the channel. An excellent
agreement between the present results and the benchmark data can be
seen in this figure, which indicates that the present numerical model

400

300 + Desrayaud et, al. (2013)

— Present model

200
100
0 200

h=0.75 - 100

<
<

200 0

200
100
0
100 h=0
0¢ \
0 0.5 1
X

Fig. 3. Comparison of the streamwise velocity profile at different horizontal
sections of the channel between the present model and the benchmark case in
Desrayaud et al. [16].
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including the adopted pressure inlet and pressure outlet boundary
conditions is appropriate for simulating the natural convection flow in
open channel systems.

Further, the experimental setup described in Thebault et, al. [15] is
simulated. An air flow channel with an aspect ratio of A = 15 was
considered in their experiment, and the Rayleigh number in terms of the
channel length is Ra = 3.5 x 10'2. Only one lateral wall of the channel is
uniformly heated in the experiment, while the other wall is “passively
heated” due to radiative transfer between the two lateral walls [15].
Accordingly, the Surface to Surface (S2S) radiation model is adopted in
the simulation to account for radiation transfer. The thermal stratifica-
tion of the ambient and the disturbances to the flow in the laboratory
environment reported in the experiment are not considered in the nu-
merical model.

Fig. 4 illustrates the comparison of the temperature profile at the
channel outlet and the profile of the streamwise velocity component at h
= 0.25 between the experimental data reported in Thebault et, al. [15]
and those obtained with the present 2-D numerical model. Here, the
temperature is scaled by the temperature difference based on the re-
ported experimental data, i.e. oy = (T — To)/(Trax — To)- The velocity
is normalised by the same scale as Equation (6). A reasonable agreement
between the numerical and experimental data can be seen in Fig. 4.
However, discrepancies between the two studies are also clear, which
are attributed to multiple factors. First, the present numerical model is
two-dimensional, whereas the experiment was three-dimensional. Sec-
ond, the Rayleigh number considered in the experiment was in the flow
regime in which transition from laminar to turbulence is expected to
occur [15], but a laminar model is adopted here. And finally, the
experiment involved a stratified ambient and environmental perturba-
tions, which are not considered in the numerical model. It is worth
noting that Thebault et, al. [15] also reported difficulties in matching
their LES (large eddy simulation) model results with the experiment.

The above validations suggest that the present 2-D numerical model
can be used to calculate laminar natural convection flows in open
channels with confidence.

2.3.2. Validation for mixed convection in a partly blocked channel

To validate the present numerical model for convective flows
through a partly blocked channel, mixed convection in an air flow
channel reported in Zhang and Samtaney [11] is simulated. The
configuration involved flow past an isothermally heated circular

1.5
Thebault et, al. (2019)
—Present study
1
g_out
0.5
\\//
0
0 0.5 1

(a)
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cylinder confined by two adiabatic lateral walls in an inclined channel.
The present computational domain is extended to H = 60D with h =
10D to match that considered by Zhang and Samtaney [11]. The cylinder
surface is defined as a no-slip boundary and is heated at a constant
temperature T,. A fully developed flow condition is applied at the inlet

2
in which the velocity profile of v(y) = 1.5vi, {1 —(2—‘;) } is imposed.

Outflow condition is prescribed at the outlet and no-slip conditions are
applied to the lateral channel walls. The selected cases for validation
include inclination angles of 0° (horizontal) and 90° (vertical). The
simulations are performed at a Reynolds number (Re) of 100 and a
Richardson number (Ri) of 1. The Reynolds and Richardson numbers are
defined as:

inD
Re=—"=, (13)
14
. Ra
Ri " Pr x Re?’ a#

The parameters evaluated for validation include the Strouhal num-

ber (St = Ll:) , the spatially-temporally averaged Nusselt number along

Vi

the cylinder surface (Nug,, = "CTD, where h, is the convective heat transfer
coefficient), and the fluctuating (root-mean-square, RMS) Nusselt
number (Nuy,). Table 4 depicts a comparison of the results obtained
from the present model with those from Zhang and Samtaney [11]. It is
observed that the flow in the vertical channel is steady at Ri = 1, and the
parameters indicating flow fluctuations are zero or very close to zero.
Accordingly, only the results for the horizontal channel are presented in
this table. It should be noted that, for this validation, the thermal
properties of air are obtained at the film temperature of T = (T, +
To)/2. The percentages given in brackets indicate the variations be-
tween the results obtained from this study and those from Zhang and

Table 4
Comparison of the mean and RMS of Nu and St in the horizontal channel.

Zhang and Samtaney (2024) Present study

Nugyg 6.410 5.925 (—7.56 %)
Nty 0.026 0.025 (—1.61 %)
st 0.300 0.302 (—0.53 %)
0.4
¢ Thebault et, al. (2019)
0.3 —Present study

(b)

Fig. 4. Comparison of the (a) temperature profile at the channel outlet and (b) the profile of the streamwise velocity component at h = 0.25 between the exper-

imental data in Thebault et, al. [15] and the present numerical model.
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Samtaney [11]. It is seen in Table 4 that a reasonable agreement be-
tween the two studies is achieved.

Fig. 5 presents the comparison of the time-averaged local Nusselt
number (N, q¢) distributions along the cylinder surface between the
present results and those from Zhang and Samtaney [11] for both hor-
izontal and vertical channels. Here 2 denotes the angular position along
the surface of the cylinder, which is defined in Fig. 1. It is seen that a
very good agreement is achieved. Therefore, the present numerical
model is validated.

3. Results and discussions

Both qualitative (Section 3.1) and quantitative (Section 3.2) data are
presented below to illustrate the effects of flow blockage and associated
parameters on the convective flow in the channel. Section 3.1 focuses on
qualitative observation of the thermal flow behaviour and correspond-
ing flow mechanism, and Section 3.2 shows the impact of flow blockage
on the channel wall temperature and mass flow rate through the
channel.

3.1. Observation of thermal flow behaviour and flow mechanism

This subsection is organised as follows: Sections 3.1.1 ~ 3.1.3 focus
on the cases with the cylinder placed at a fixed longitudinal position of h
= 0.05. The effects of the cylinder position are discussed in Section
3.1.4. Further, Sections 3.1.1 and 3.1.2 are based on vertical channels,
whereas the effects of inclination are discussed in Section 3.1.3.

3.1.1. Wake dynamics and mean flow behaviour

Fig. 6 (a) shows instantaneous vorticity contours in a vertical chan-
nel at different blockage ratios for Ra = 6.0 x 10*L. It is observed that at
the blockage ratios of 0.25 and 0.50, the flow undergoes a Hopf bifur-
cation, transitioning to an unsteady periodic state, in which the wall
vortices periodically merge with those from the separated shear layers.
As a result, a reversed von Karman vortex street is present behind the
cylinder, which is similar to the behaviour observed in a non-thermal
flow (also known as “crisscross motion of vortex™) [17].

Fig. 6 (b) shows instantaneous vorticity contours at the largest
blockage ratio = 0.75 for different Rayleigh numbers. It is seen that at
this blockage ratio the presence of the lateral walls dramatically in-
fluences the formation of the vortices in the wake. At the lowest Ray-
leigh number of Ra = 6.0 x 10°, vortex shedding maintains a regular
periodic pattern. However, at Ra = 6.0 x 10'° and 6.0 x 10!, the flow

7 T T T T T
—Zhang and Samtaney (2024) - horizontal
= -Present simulation - horizontal /
61\ —Zhang and Samtaney (2024) - vertical /]

Present simulation - vertical

5

u
loc,avg

4

1 . ) , \ )
90 120 150 180 210 240 270

Q)

Fig. 5. Comparison of time-averaged Nu distribution along the cylinder surface
between the validation and reference cases at f = 0.25, Re = 100, and Ri = 1.

International Journal of Thermal Sciences 212 (2025) 109783

appears to be approximately symmetric in the near wake, but the sym-
metry quickly breaks down, and the periodic vortex shedding is sup-
pressed downstream. It is also observed that the wake flow randomly
skews toward one of the lateral walls at Ra = 6.0 x 10'!. Flow asym-
metry and suppression of reversed von Karman vortex street are also
reported by Nguyen et al. [7] in an isothermally heated vertical channel
at = 0.75 for Rar > 8.9 x 107 (where Ray is the isothermal Rayleigh
number, Rar = ’%ZHS). They found that the wake arbitrarily skews to-
ward either side of the lateral walls at this blockage ratio. In non-thermal
flows, Sahin and Owens [18] reported that the flow is globally asym-
metric at § = 0.7, i.e., the time-averaged flow is asymmetric. The
asymmetric structures in the wake of non-thermal confined flows have
been systematically reviewed by Nguyen et al. [2]. One possible
explanation of the occurrence of asymmetric flow structures is that the
separated shear layer is elongated at such large blockage ratios, which
may contribute to the suppression of periodic vortex shedding [19,20].

Fig. 7 illustrates the contours of time-averaged longitudinal velocity
and streamlines at different blockage ratios (f = O represents an
unblocked channel) for Ra = 6.0 x 10'? as a representative case. In the
unblocked channel, the maximum longitudinal velocity occurs near the
channel walls (that is, within TBLs). With the presence of the cylinder,
the high-velocity region concentrates near the centre of the channel at
all blockage ratios. This phenomenon is more pronounced at g = 0.25
and 0.50, where the high-velocity region extends further downstream
along the centreline. The mechanism behind this behaviour can be
explained as follows: In an unblocked channel, velocity boundary layers
develop along with the TBLs, the highest velocity occurs near the wall
due to the relatively strong buoyancy effects within the TBLs. The
presence of the cylinder accelerates the flow through the gaps between
the cylinder and lateral walls. In the meantime, a low-pressure region
forms behind the cylinder, leading to the formation of a recirculation
zone, which is referred to as the vortex formation region [21]. The
relatively low pressure in the vortex formation region causes the
accelerated flows to merge near the centreline (refer to Fig. 6), resulting
in a surge of the longitudinal velocity. As both the velocity boundary
layers and wake continue to evolve further downstream, the velocities
along the centreline and near-wall regions become increasingly
comparable.

It is also very clear in Fig. 7 that larger blockage ratios lead to larger
vortex formation regions. At the largest blockage ratio of g = 0.75, the
cylinder obstructs the flow since the gaps between the cylinder and the
channel walls are significantly reduced. As a result, jet flows are forming
through the narrow gaps, which interact with the boundary layers
adjacent to the lateral walls. These interactions in turn lead to shear
layer separation and reattachment, forming large recirculation bubbles
adjacent to the channel walls behind the cylinder location.

Fig. 8 depicts the time-averaged isotherms at different blockage ra-
tios and streamlines at # = 0.75 for Ra = 6.0 x 10*!. The blockage effect
on the flow is clearly demonstrated in this figure. In general, the pres-
ence of the cylinder enhances flow mixing, resulting in relatively higher
fluid temperatures downstream at all three blockage ratios. At the
highest blockage ratio, the overall flow is slower through the channel
due to the obstruction, leading to a considerably higher fluid tempera-
ture further downstream compared to that at lower blockage ratios (f =
0.25, 0.50). A high temperature zone is present near the wall behind the
cylinder at § = 0.75 because heat is trapped by the recirculation bubbles
described above. The asymmetric flow structure at f = 0.75 is also
observed here. Clearly, the recirculation bubble near Wall A is much
larger than that near Wall B, consistent with the wake asymmetry
depicted in Fig. 6 (b).

3.1.2. Interactions between TBLs and cylinder wake

To understand the interactions between the thermal boundary layers
and the cylinder wake, the temperature and transverse velocity fluctu-
ations at multiple locations are monitored. At Ra = 6.0 x 10°, the flow is
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Fig. 6. Instantaneous vorticity contours of (a) Ra = 6.0 x 10'! at different blockage ratios; and (b) § = 0.75 for different Rayleigh numbers (left to fight: Ra = 6.0 x

10°, 6.0 x 10'%, 6.0 x 10').

Fig. 7. Contours of time-averaged longitudinal velocity and streamlines at
different blockage ratios ( = 0.25, 0.50, 0.75) for Ra = 6.0 x 10'% at h = 0.05.

relatively stable at all blockage ratios. In contrast, the flow is very noisy
with many disturbances at Ra = 6.0 x 10'!. Therefore, the medium
Rayliegh number of Ra = 6.0 x 10'° is considered in this section. Fig. 9
indicates the locations and coordinates of all monitoring points. Point
@®~® are in the TBL for monitoring temperature fluctuations; Point
®~@© are along the centreline in the cylinder wake for monitoring
transverse velocity fluctuations; and Point @ and @ are in a shear layer
separated from the cylinder surface, also for monitoring transverse ve-
locity fluctuations. It is worth noting that the normalised TBL thickness
in this case is estimated as évf, ~0.11. Therefore, monitoring points ®~®
are located within the TBL (refer to Section 2.2 for the scale of 67).
Fig. 10 compares the spectral density of temperature fluctuations at
Point ®~® for different blockage ratios. It can be seen in Fig. 10 that at
p = 0.25 and 0.50, a dominant frequency is detected throughout the
TBL, indicating that the TBL is subject to periodic perturbations due to
the presence of the cylinder (more details are given in Table 5 below). At
B = 0.50, more higher-order harmonic frequencies appear in the
downstream TBL beyond Point ® compared to the situation at § = 0.25,
suggesting that more small-scale thermal structures occur in the TBL. At
the largest blockage ratio § = 0.75, jet flows form, resulting in more
intense interactions between the TBL, separated shear layers, and the

!
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Fig. 8. Contours of time-averaged temperature (6) at different blockage ratios
and streamlines at § = 0.75 for Ra = 6.0 x 10*%.

0.75

vortices in cylinder wake. At this blockage ratio, the dominant peak
frequency disappears downstream (beyond Point @), and a noisy
spectrum is observed, indicating that the downstream TBL is experi-
encing a transition.

Fig. 11 illustrates the spectral density of transverse velocity fluctu-
ations at Point ®~@® at g = 0.50. A dominant frequency and the cor-
responding harmonic frequencies can also be observed both in the
cylinder wake and in the separated shear layer. In Fig. 11 (a), the higher
frequency peaks gradually dimmish from the near wake to further
downstream, indicating the small-scale structure in the cylinder wake
disappears downstream (Point ®). However, in the separated shear
layer, more frequency modes are observed at the position further away
from the cylinder (Point @) compared to the position close to the
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Fig. 10. Power spectra of temperature fluctuations at Points @ to ® at different blockage ratios for Ra = 6.0 x 10'°.

separation point of the shear layer (Point @), indicating that more small-
scale structures are associated with the development of the separated
shear layers.

Table 5 displays the dominant frequencies and their harmonic
components obtained at Points ®, @, @, respectively. The data in this
table clearly confirms the strong interactions between the TBL, vortices

in the wake, and the separated shear layer since certain frequencies
repeatedly appear in all these flow structures. The most notable obser-
vation is that the same dominant frequency is observed in the TBL, the
separated shear layer, and the wake, which suggests that the dominant
frequency in the TBL is the same as the vortex shedding frequency. This
is a result of the TBL being perturbed by vortex shedding forming from
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Table 5
Dominant frequencies and their harmonic components in the TBL, the cylinder
wake, and the separated shear layer.

Detected TBL frequency f;, ~ Wake frequency f,,  Separated shear layer
frequencies (at point @) (at point @) frequency fg,
(at point @)

Dominant 3.9 3.9 3.9

frequency, fo
2fo 7.9 / 7.9
3fo 11.8 11.8 11.8
4fo 15.7 / 15.7
5fo 19.6 19.6 /

separated shear layers. The appearance of the higher-order harmonic
frequencies indicates the presence of small-scale flow structures.

3.1.3. Effects of inclination

It is observed that, when the blockage ratio is relatively low (i.e., at
= 0.25 and 0.50), the flow behaviour appears very similar at different
inclination angles, and no wake asymmetry is observed. However, at
= 0.75, the inclination has a considerable impact on the mean flow
behaviour, causing the flow to change from an asymmetric structure in
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the vertical channel to a more symmetric structure at ¢ = 60°. Fig. 12
depicts the time-averaged isotherms and streamlines at f = 0.75 and
different inclination angles for Ra = 6.0 x 10, It is clear that the
asymmetric structure of the flow observed in the vertical channel (¢ =
90°) is influenced by the channel inclination. The mean flow structures
at ¢ = 30° and 90° are very similar. In both cases, the wake skews to-
ward Wall B with a large recirculation bubble forming near Wall A and a
smaller one near Wall B. However, the mean flow becomes more sym-
metric at ¢ = 60°.

To further investigate the impact of inclination on the asymmetric
flow, the time-series of longitudinal velocities at a monitoring point
(x,y) = (0, 0.1) in the near wake and the corresponding instantaneous
vorticity contours are plotted in Fig. 13. Here, t is the start time of data
sampling after the flow has established. It is clear in this figure that, at ¢
= 30° and 90°, the velocity fluctuates around a steady mean value while
the wake is skewed towards one wall (refer to Fig. 13a and c). In
contrast, a sudden drop of the velocity occurs at t — t, ~ 10 at ¢ = 60°,
indicating an abrupt change of the wake dynamics. An animation of the
flow development around this time shows that initially the wake skews
toward Wall B (corresponding to the period of t — tp &~ 0-10). Then the
wake gradually shifts toward the centre of the channel while the
amplitude of velocity fluctuation and the mean value of velocity changes

10

PSD y\u‘\

-6

PSD 4%\

(b)

(a) (b)

(©)

Fig. 12. Time-averaged isotherms and streamlines at # = 0.75 and ¢ = (a) 90°, (b) 60°, (c) 30° at Ra = 6.0 x 10,
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Fig. 13. Time series of longitudinal velocity at a monitoring point (x,y) = (0, 0.1) and instantaneous vorticity contours at # = 0.75 and ¢ = (a) 90°, (b) 60°, (c) 30°

for Ra = 6.0 x 1011,

from high to low. At a certain time, the wake switches the side, skewing
toward Wall A. A similar observation has been reported in a direct nu-
merical simulation of non-thermal flows by Lu et al. [22], who observed
both spatial (along the spanwise direction) and temporal switches of
“wake bias”. In another study of TBL adjacent to inclined plates, Spar-
row and Husar [23] experimentally observed that the longitudinal rolls
(referred to as a secondary flow in their study) in the TBL begin to merge
and break down when the inclination angle is reduced to below 55°.
Similarly, Ruth et al. [24] and Daniels et al. [25] reported a transition
from transverse roll to longitudinal rolls in the TBL adjacent to a bottom
heated wall of an inclined channel at certain inclination angle, which
may be attributed to secondary flow instabilities. The observed switch of
the wake skewness at ¢ = 60° in the present study may also be caused by
a secondary flow instability. However, resolving the secondary flow
instability is beyond the scope of the present investigation.

Fig. 14 presents contours of time-averaged turbulent buoyancy flux
6v and Reynolds stresses wu, vV and uv at § = 0.75 and different
inclination angles for Ra = 6.0 x 10'!. The results show that, at ¢ = 30°
and 90°, a region with high buoyancy flux appears adjacent to Wall A,
corresponding to the large recirculation bubble where hot fluid is

trapped. High Reynolds normal stress (u'u/) concentrates near the
channel centreline, slightly shifting toward Wall A and extending
downstream due to merging of the separated wall shear layers in the
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wake. In contrast, high Reynolds normal stress (V) is concentrated near
the channel walls, indicating strong longitudinal velocity fluctuations
within the TBLs. Both Reynolds normal stresses become weaker in the
far wake, which is also the case for the Reynolds shear stress (1/V).
However, the distribution of the Reynolds shear stress is more spread-
out compared to the Reynolds normal stresses.

The dimmish of the asymmetric structure at ¢ = 60° is also evident in
Fig. 14 (b). Clearly, the distributions of the turbulent buoyancy flux and
Reynolds stresses at ¢ = 60° appear more symmetric compared to those
at other inclination angles. High turbulent buoyancy flux regions are
present near both channel walls, indicating comparable heat dissipation

between the two TBLs. The high-normal-stress (u't/) region appears
around the channel centreline without shifting to either wall, while an
approximately symmetric structure with high Reynolds normal stress
(VV) and a “butterfly with two extrema” pattern of the Reynolds shear
stress (u'V) are observed behind the vortex formation region. The but-
terfly pattern is similar to that reported by Parnaudeau et al. [26] behind
an unconfined circular cylinder in a non-thermal flow at Re = 3900 and
by Nguyen and Lei [20] behind a confined circular cylinder in a
non-thermal flow at # = 0.6 (318 < Re < 1431).

It is worth noting that, in the present model, both channel walls are
uniformly heated at an equal strength. Under such configuration, similar
flow behaviour and thermal structures are expected if the channel is
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Fig. 14. Time-averaged buoyancy flux and Reynolds stresses 8V, 1/, Vv, uV at g = 0.75 and ¢ = (a) 90°, (b) 60°, (c) 30° for Ra = 6.0 x 10'%.
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inclined in the counterclockwise direction.

3.1.4. Effects of cylinder position

The effects of the longitudinal location of the cylinder on flow be-
haviours are similar at different inclination angles. Accordingly, we
consider a fixed inclination angle ¢ = 30° as an example. Fig. 15 illus-
trates instantaneous vorticity contours with the cylinder placed at
different longitudinal positions (h) along the channel. It is seen in this
figure that the effects of the cylinder on the channel flow, more specif-
ically, the occurrence of vortex shedding and its effect on downstream
thermal boundary layers, are similar for the different cylinder positions.
The presence of the cylinder causes separation and reattachment of the
wall shear layers. At all cylinder positions, the shear layers separating
from the cylinder merge with the wall shear layers, forming a reversed
von Karman vortex street, which is a dominant feature of the wake. As h
increases, stronger interactions between the separated shear layers and
the TBLs is observed, which is beneficial for dissipating heat and
maintaining a relatively low wall temperature (Refer to Section 3.2.3).

3.2. Thermal flow performance

In this section, we examine the time-averaged wall temperatures and
the mass flow rate through the flow channel, which are indicators of
thermal flow performance. For many applications such as in ventilation
channels and building-integrated photovoltaic panels, it is desirable to
maximum the mass flow rate through the channel and minimise the wall
temperatures. This section aims to unveil the impact of individual con-
trol parameters on the overall thermal flow structure and performance
in the convective flow channel.

3.2.1. Effects of blockage

Fig. 16 illustrates the time-averaged temperature profiles along both
channel walls (6,,) at various blockage ratios and Rayleigh numbers.
Fig. 17 (a) plots the ratio of the spatially and temporarily averaged wall
temperatures (§Wm,g) to that of an unblocked channel (gwm,g‘o) versus the
blockage ratio, and Fig. 17 (b) plots the ratio of the mass flow rate (m)
through the channel to that of an unblocked channel (i) versus the
blockage ratio. All the data in Figs. 16 and 17 are obtained in a vertical
channel with a cylinder located at h = 0.05.

It is clear in Fig. 16 that the effect of the cylinder on the wall tem-
perature distribution depends on the Ra. At Ra = 6.0 x 10°, the blockage
disturbs the flow and promotes mixing in the wake, but the wall tem-
perature downstream of the cylinder in the confined channel gradually
becomes higher than that in the unblocked channel, particularly at g =
0.75. This results in an increase of the spatially and temporarily aver-
aged wall temperature (refer to the black curve in Fig. 17 (a). Mean-
while, it can be seen in Fig. 17 (b) that the mass flow rate decreases at all
blockage ratios for Ra = 6.0 x 10°. This occurs because the buoyancy
force is relatively weak at this low Ra, and the obstruction effect of the
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cylinder outpaces its benefit of enhancing mixing. As a result, the overall
flow moves slower through the channel, causing a relatively higher wall
temperature. The situation is different at higher Ra. As the buoyancy
force becomes stronger, the mixing induced by the cylinder becomes
predominant. For Ra = 6.0 x 10'° and 6.0 x 10!}, the overall time-
averaged wall temperature profiles along the channel walls are lower
than that in the unblocked channel at g = 0.25 and 0.50 (depicted in
Fig. 16b and c). At Ra = 6.0 x 1011, a maximum 31 % reduction of the
mean wall temperature is achieved at # = 0.50 (Fig. 17a), while the mass
flow rate increases by 40 % at # = 0.25 (Fig. 17b). This indicates that
enhanced thermal flow performance can be achieved by flow blockage
at higher Ra.

However, compared to the cases with lower blockage ratios, the
“cooling effect” on the wall temperatures is weaker at f = 0.75. The
reduction of the temporally and spatially averaged wall temperature
diminishes or becomes less beyond # = 0.50 due to increased flow
obstruction. A surge of the time-averaged wall temperature behind the
cylinder (y ~ 0.2-0.4) is clearly visible in Fig. 16 (b) and (c) at # = 0.75
for Ra = 6.0 x 10*° and 6.0 x 10*!. This temperature surge corresponds
to the recirculation bubble which traps hot fluid (refer to Section 3.1.1).
Further, the temperature profiles of the two lateral walls depart from
each other at 8 = 0.75, especially at Ra = 6.0 x 10*!, which is related to
the flow asymmetry at high blockage ratios discussed above.

3.2.2. Effects of inclination

The effects of inclination on the thermal flow performance are
consistent across all three Rayleigh numbers, as depicted in Fig. 18.
Here, éwavggo and myg, are the temporally and spatially averaged wall
temperature and mass flow rate obtained in the corresponding vertical
channel (¢ = 90°). It is clear that, as the inclination angle reduces, the
mass flow rate decreases while the wall temperature increases, indi-
cating deteriorating thermal performance, especially at relatively low
Ra. A 22 % increase of the mean wall temperature and a 25 % drop of the
mass flow rate are observed at ¢ = 30° for Ra = 6.0 x 10° compared to
that in the vertical channel.

3.2.3. Effects of cylinder position

Fig. 19 (a) plots the temperature profiles along the channel wall
obtained with the cylinder at various longitudinal positions. It is seen
that the wall temperature increases smoothly along the channel up-
stream of the cylinder, indicating uninterrupted growth of the thermal
boundary layer. A significant drop of the wall temperature occurs
behind the cylinder because the accelerated flow past through the small
gaps results in enhanced local convection. The interactions between the
separated shear layers and TBLs further result in increased mixing in the
wake of the cylinder. As discussed in Section 3.1.4, the strongest local
mixing is observed behind the cylinder when it is located at h = 0.50.
However, this cylinder position does not lead to an optimal performance
in terms of the spatially and temporarily averaged wall temperature

Fig. 15. Instantaneous vorticity contours for different cylinder positions in an inclined channel at ¢ = 30°, # = 0.50 and Ra = 6.0 x 10!, Left to right: h = 0.05,

0.25, 0.50.
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Fig. 17. (a) Spatially and temporarily averaged wall temperatures, and (b) time averaged mass flow rate at different blockage ratios for h = 0.05 and different

Rayleigh numbers in a vertical channel.

(Fig. 19b). This is because the TBLs are already fully developed upstream
of the cylinder, and the downstream region impacted by the presence of
the cylinder is limited. The best performance in terms of minimum wall
temperature is observed at h = 0.25 for all three Ra, and a 29 %
reduction of the mean wall temperature is achieved at Ra = 6.0 x 10!,
It is worth noting that in an isothermal channel, the overall heat transfer
performance is the best when the cylinder is located at h = 0.05 [7]. This
may be related to different TBL developments under the isothermal and
isoflux conditions.

Another noticeable feature of the data presented in Fig. 19 (b) is that,
for the lowest Rayleigh number case (Ra = 6.0 x 10%), the temporarily

12

and spatially averaged wall temperature increases, not decreases, due to
the presence of the cylinder regardless of its position. The cause of such
distinct behaviour may be due to the relatively weak convection at this
Rayleigh number. In this case, the presence of the cylinder tends to
obstruct the flow and in turn deteriorate the thermal performance.

Fig. 20 (a) shows the profile of time-averaged longitudinal velocity at
the channel outlet. Since the channel is inclined at ¢ = 30°, the asym-
metry of the longitudinal velocity profile at outlet is distinct. A weak
reverse flow (where ¥ < 0) near Wall B can be observed when the cyl-
inder is placed near the channel entrance (h = 0.05). Consistent with the
previous observation, the obstruction effect of the cylinder outweighs
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Fig. 18. The time-averaged (a) mean wall temperature. (b) mass flow rate through the channel at § = 0.50 when h = 0.05 for three Rayleigh numbers in in-
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Fig. 19. (a) Time-averaged temperature profiles along both channel walls at Ra = 6.0 x 10'!; (b) Spatially and temporarily averaged wall temperature at different
Rayleigh numbers. The channel inclination angle is ¢ = 30°; and the blockage ratio is # = 0.50. h = 0 represents no cylinder case.

the mixing effect at low Rayleigh numbers. As a result, the mass flow
rate through the channel is reduced (refer to Fig. 20b). At Ra = 6.0 X
10“, the mass flow rate increases at h = 0.05, but only a 4 % increase of
the mass flow rate compared to the unblocked channel is observed. The
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reduced enhancement is due to weakened convection in the inclined
channel compared to the vertical channel. With the cylinder positioned
further downstream, the mass flow rate reduces at h = 0.50 compared to
the unblocked channels.
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Fig. 20. (a) Time-averaged longitudinal velocity profiles at the outlet of the channel at Ra = 6.0 x 10'!; (b) time-averaged mass flow rate. The channel is inclined at

@ = 30°. h = 0 represents no cylinder case.
4. Conclusion

The effects of blockage ratio, inclination angle, and the longitudinal
position of a circular cylinder on natural convection of air in a uniformly
and symmetrically heated channel are comprehensively investigated at
different Rayleigh numbers. The present numerical results demonstrate
that the blockage ratio has the most critical impact on both the thermal
performance and the flow behaviour. At relatively low Rayleigh
numbers such as Ra = 6.0 x 10°, the cylinder obstructs the flow and
deteriorates the thermal flow performance due to the relatively weak
convection. With increasing Rayleigh numbers, enhanced mixing in the
channel due to interactions between vortex shedding behind the cylin-
der and the TBLs adjacent to the lateral walls outpaces the obstruction
effect, leading to a lower average wall temperature and a greater mass
flow rate through the channel compared to an unblocked channel. While
the thermal performance depends on the cylinder position, the flow
structures do not change significantly at different cylinder positions. It is
also interesting to note that the symmetry of the time-averaged wake
flow structures at the very large blockage ratio of # = 0.75 is sensitive to
the inclination angle.

The results reported here may be used to design a passive strategy
with an adiabatic circular cylinder acting as a vortex generator to
enhance convective flow in a heated channel and maintain a relatively
lower channel wall temperature. Such passive strategy is expected to be
more effective for vertical channels and at medium to high Rayleigh
numbers.
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